Pseudoprogression has been recognized and widely accepted in the treatment of malignant gliomas, as transient increases in the volume of the enhanced area just after chemoradiotherapy, especially using temozolomide. We experienced a similar phenomenon in the treatment of malignant gliomas and meningiomas using boron neutron capture therapy (BNCT), a cell-selective form of particle radiation. Here, we introduce representative cases and analyze the pathogenesis. Fifty-two cases of malignant glioma and 13 cases of malignant meningioma who were treated by BNCT were reviewed retrospectively mainly via MR images. Eleven of 52 malignant gliomas and 3 of 13 malignant meningiomas showed transient increases of enhanced volume in MR images within 3 months after BNCT. Among these cases, five patients with glioma underwent surgery because of suspicion of relapse. In histology, most of the specimens showed necrosis with small amounts of residual tumor cells. Ki-67 labeling showed decreased positivity compared with previous samples from the individuals. Fluoridelabeled boronophenylalanine PET was applied in four and two cases of malignant gliomas and meningiomas, respectively, at the time of transient increase of lesions. These PET scans showed decreased lesion:normal brain ratios in all cases compared with scans obtained prior
We have applied a form of tumorselective particle radiation, boron neutron capture therapy (BNCT), to MGs 4, 5 and malignant meningiomas (MMs). 6, 7 BNCT comprises a binary approach: 8 A boron10 ( 10 B)labeled compound is administered that delivers high concentra tions of 10 B to the target tumor relative to the surround ing normal tissues. This is followed by irradiation with thermal neutrons. When neutrons collide into 10 B atoms, high-linearenergytransfer (LET) alpha and 7 Li parti cles are released from the 10 B (n, alpha) 7 Li neutron cap ture reaction. The short range (5-9 μm) of these particles allows for relatively selective tumor killing with mini mum damage to the adjacent normal brain tissue. These highLET particles exert rapid and distinctive shrinkage of the mass not only in MG 4, 5 but also in MM. 6, 7 We noticed that in some cases of MG and in some cases of MM treated by BNCT, transient increases in enhanced volume in MR images 8 appeared just after BNCT. Here we retrospectively review those cases that showed transient increases of enhanced volume in MR images within 3 months after BNCT. We analyzed these cases with histology and fluoridelabeled boronophenyl alanine (FBPA) PET data.
Materials and Methods

Patients
From 2002 to 2007, we used BNCT to treat 52 cases of MG (29 were newly diagnosed and 23 were recur rent cases) and 13 cases of recurrent MM. All the gado linium (Gd)enhanced MR images were retrospectively reviewed. The cases that showed transient increases of enhanced volume in MR images within 3 months after BNCT were picked up, and the characteristics were investigated as shown in Table 1 . Case numbers were assigned sequentially for BNCT. Some cases underwent surgery for the suspicion of relapse, and for some cases tissue samples were analyzed with Ki67 labeling. 9 Most cases underwent FBPAPET [4] [5] [6] [7] 10, 11 before neutron irra diation, as described below, and some cases entered this study during the observation period when the enhanced area increased.
PET Scan
All FBPAPET scans were performed at Nishijin Hos pital, Kyoto, Japan. BPA was originally synthesized as described previously, 12, 13 and the protocol for PET measurements using a Headtome III tomograph (Shi madzu Co., Kyoto, Japan) has also been described elsewhere. 14, 15 Briefly, regional BPA incorporation into tumors and contralateral brain tissue (as a nontumor ous control area) was measured on PET images after an intravenous injection of FBPA at a dose of 37-55.5 MBq (1-1.5 mCi) per 10 kg of body weight. PET images were collected continuously for a 60min period, for a total of 15 periods. The lesions on the PET images were confirmed using contrastenhanced MRI performed at levels equivalent to those used for the PET imaging studies. To obtain quantitative measurements using Amide software (SourceForge, Inc., Mountain View, CA, USA), oval regions of interest (ROIs) were placed on the tumors, including peak values in tumors of vari ous sizes. At the corresponding level, the contra lateral brain area was also chosen for ROI analysis. All of the macroscopically necrotic tumor areas observed on MR images were excluded when the ROIs were designated. We designated several ROIs from tumoraffected areas and adopted regions with the highest values as represen tative ROIs. 
Results
Eleven of 52 cases of MG and 3 of 13 cases of MM showed transient increases of enhanced volume in MR images within 3 months after BNCT (Table 1) . Among the 11 MG cases, five were recurrent and had been treated with fractionated xray treatment (XRT) prior to BNCT. The other six were newly diagnosed gliomas and were treated with two sessions of BNCT or with BNCT followed by fractionated XRT with 20-30 Gy. All MM cases listed in Table 1 were recurrent cases and had been treated with fractionated XRT with and with out stereotactic radiosurgery. Among the 11 cases of MG, five underwent surgery for suspicion of relapse when the mass increased in size after BNCT. The other six cases of MG and three cases of MM were followed up without additional surgery.
FBPAPET was applied in four and two cases of MGs and MMs, respectively, at the time of transient increase of lesions. Of these four MGs, two were newly diag nosed and two were recurrent cases. These PET scans showed decreased L/N ratios in all cases compared with scans obtained prior to BNCT (Table 1) .
Representative Case Presentation: Case 5
Case 5 was a 70yearold male with the manifestation of motordominant aphasia. He received surgery at first with the histological diagnosis of GBM. The tumor was partially removed. He was treated with BNCT twice with a 1month interval. The enhanced mass on MR images shrank rapidly 5 weeks after the first BNCT (Fig. 1A2) ; however, the enhanced lesion and perilesional edema became enlarged 2 months after initial BNCT (Fig.  1A3 ). He received no chemotherapy. With this increase in lesion size, motor aphasia became slightly aggravated. The patient received recraniotomy 3 months after initial BNCT because tumor recurrence was suspected. Hema toxylin and eosin (H&E) staining and Ki67 immuno histochemistry were applied to samples obtained at the first and second craniotomy (Fig. 2) . H&E staining of the sample obtained at the second craniotomy showed necrosis in the main part, with ambiguously viable tis sue. Ki67 staining showed decreased positivity in the second surgical specimen compared with the first surgi cal specimen. Three months after the second craniotomy, the original lesion was stable in MR images, but tumor progression (TP) was recognized as cerebrospinal fluid (CSF) dissemination (Fig. 1A4 ).
Representative Case Presentation: Case 35
Case 35 was a patient with newly diagnosed left tem poral GBM. He received surgery with partial tumor removal (Fig. 1B1 ) and was treated with BNCT fol lowed by 20 Gy XRT without chemotherapy. This com bination of radiotherapy resulted in drastic shrinkage of the mass within a month (Fig. 1B2) . However, 2 months after BNCT, motor aphasia was aggravated and MR images showed an increase of the enhanced area ( Fig. 
Clinical Regimen of BNCT
Candidates for BNCT routinely received FBPAPET to assess the distribution of boronophenylalanine (BPA). 10, 11 The lesion:normal brain (L/N) ratio of BPA uptake can be estimated from this type of study, and dose planning was performed according to the L/N ratio, as described previously. 4, 5 The patients were administered 100 mg/kg sodium borocaptate for 1 h intravenously 12 h prior to neutron irradiation and 250-700 mg/kg BPA was administered for 1-6 h just prior to neutron irradiation. Amounts of BPA were decided by the disease and protocols as described previously. [4] [5] [6] The neutron irradiation time was determined not to exceed 15 GyEq (grayequivalents) to the normal brain by simulation. Here, GyEq cor responds to the biologically equivalent xray dose that would have equivalent effects on tumors and on the nor mal brain.
Dose estimation of BNCT was done as follows. Blood was sampled every 2 h after sodium borocaptate administration until neutron irradiation was completed, to monitor the boron concentration in the blood. The boron concentration from sodium borocaptate in the blood during neutron irradiation was estimated from the measured 10 B concentration-time relationship. From previous BNCT experience, which was performed with craniotomy, we hypothesized that the boron concen trations in tumor and blood contributed from sodium borocaptate were equal just prior to neutron irradia tion. We confirmed that BPA concentration in blood is equal to that in normal brain. Therefore, the boron concentrations from BPA in the tumor and normal brain were estimated from BPA concentration in blood by the L/N ratio of BPAPET, as described above. Judg ing from these boron concentrations contributed from each boron compound, neutron fluence rate simulated by a doseplanning program, and the factors of relative biological effectiveness of neutron beam and each com pound, 4 total doses to tumor and normal brain could be estimated, as in the following formula: Briefly, boron dose correlates to the 10 B concentration in the tissue and neutron fluence. Neutron fluence decays more in the deeper part of the tissue. Therefore, even in the same tumor, boron dose decreases in the deeper part compared with the superficial part of the tumor. 1B3). The lesion was controlled well by steroids, and the enhanced area decreased in size on followup MR images (Fig. 1B4) . We lost this case due to uncontrol lable hydrocephalus by CSF dissemination.
Representative Case Presentation: Cases 50 and 56
Both patients had recurrent MMs and had been treated with repetitive surgery and fractionated XRT with 50 Gy. Case 50 had rhabdoid meningioma. BNCT also showed shrinkage of the mass (Fig. 3A2 ) with transient increase of enhanced volume (Fig. 3A3) . The enhanced mass gradually shrank, again without any treatment (Fig. 3A4) . Case 56 had anaplastic meningioma. In this case, BNCT did not show prominent reduction of mass size but showed decreased enhancement in tumor mass just after BNCT (Fig. 3B2) . However, the mass became voluminous 2.5 months after BNCT and spontaneously decreased again in size and in enhancement of the core of the mass, with decreased perilesional edema (Fig.  3B4) . In both cases, BNCT could well control the mass locally, but we lost these cases by uncontrollable, shunt ineffective hydrocephalus due to CSF dissemination. 
Discussion
psPD does not have a definitive definition. If we tenta tively define psPD as a transient increase of enhanced volume in relatively early phases after some treatments without TP, a high incidence of psPD is reported.
3 psPD in MG has been recognized widely with the advent of TMZ treatment, and XRT alone has been reported to cause psPD. [17] [18] [19] [20] However, combining some chemo therapeutic agents such as TMZ with XRT causes psPD with higher frequency and earlier compared with XRT alone. 2, 3 With BNCT, 11 of 52 MG and 3 of 13 MM cases experienced psPD, based on the above tentative defini tion. Six of 29 newly diagnosed MG cases and 5 of 23 recurrent MG cases showed psPD. We do not know the exact incidence of psPD with BNCT, because we could not review all MR images of all patients, and not all the patients received MRI at the same schedule in each hospital before being referred to our institute for BNCT. However, we do know that psPD occurred in these cases only by BNCT without chemotherapy, because we did not apply any chemotherapeutic agents until TP defini tively occurred. In this article, we reviewed the cases that showed increased enhanced volume within 3 months after BNCT. In these cases, there was no true TP; how ever, we experienced two cases in whom true TP was proven by surgical specimen. They showed increased enhanced volume 4 months and 5 months after BNCT, respectively. We lost these two cases by local TP. There fore, 3 months after BNCT seems to be an appropriate time period to review for psPD in BNCT.
The five cases of MG that received BNCT relatively early after diagnosis received surgery for suspicion of true TP. In these five cases, surgical specimens showed large necrotic areas with some viable cells with bizarre appearance, as shown in Fig. 2B . It is very difficult to determine whether these cells were derived from tumors and had proliferative activity based only on H&E stain ing. 21 Therefore, for case 5 we used Ki67 staining, which showed decreased proliferative activity. Elsewhere, we have reported the same phenomenon in case 4.
5
After learning from these earlier cases, we applied FBPAPET to discriminate psPD from true TP, as listed in Table 1 . Originally, we developed FBPAPET for plan ning treatment with BNCT. [4] [5] [6] 10, 11 We then noticed that FBPAPET is useful to differentiate radiation necrosis (RN) and true TP, especially with repetitive analysis. 22 In our limited experience, pure RN always showed L/N ratios less than 1.9, and RN with small number of viable tumor cells showed L/N ratios less than 2.2. 22 Generally speaking, amino acid tracer has been used and is suitable for analyzing metabolism in malignant brain tumors 23, 24 as well as for differentiating between RN and true TP, 24 because of low background activity compared with flu orodeoxyglucosePET. We therefore applied FBPAPET and obtained reliable results, as shown here. As stated above, we almost always applied FBPAPET prior to BNCT, so it was easy to compare the L/N ratio between the first PET obtained before BNCT and the second PET obtained when psPD, RN, or true TP was suspected. 22 In our BPAPET series of recurrent GBM, all L/N ratios prior to BNCT were greater than 2.5, and L/N ratios of GBM at recurrence after BNCT were also greater than 2.5. Therefore, at least regarding GBM, when the tumor shows increase of enhancement in MRI within 3 months after BNCT, we may wait and see if the L/N ratio is less than 2.2. 22 In any case, early discrimination between psPD and true TP is important to apply potent alterna tive treatment for true TP patients without time delay.
The absorbed dose by BNCT, listed in Table 1 , is applied only once. By BNCT we can deliver an enor mous absorbed dose to tumor tissue. The range of maxi mum tumor dose by BNCT was 48.3-141 GyEq, and the minimum dose range was 18.8-63.0 GyEq (Table  1) . These doses were applied at once. These values can be estimated approximately as 234.7-1,774.2 Gy and 45.1-383.3 Gy as given in daily doses of 2 Gy by frac tionated XRT, with the assumption of a/b value of 10 Gy in the linearquadratic model. We are not certain of the threshold of BNCT dose to cause psPD. The recur rent cases listed here received especially high doses over all, considering the addition of previous XRT, so psPD may frequently occur after BNCT in recurrent MG cases, because reirradiation is known as a risk factor for RN. 25, 26 The latter half of the cases of newly diag nosed MG treated by BNCT in our protocol received fractionated XRT boosts with 20-30 Gy to decrease the possibility of recurrence. 16 Therefore, these high amounts of radiation might be a cause of marked psPD in BNCT cases. Because we did not apply any chemo therapy after BNCT until TP was confirmed by histol ogy or PET, psPD described here may be caused only by radiation effects. Among the GBM patients treated with chemoradiation using TMZ, a high incidence of psPD was observed in methylated O 6 methylguanine DNA methyltransferase (MGMT) promoter status, and those cases that exhibited psPD showed good progno sis compared with the cases of unmethylated MGMT promoter. 27 Taken together, intensive treatments may be the primary factor of psPD in MG, as Brandsma et al. reported. 28 So far, we are not sure of the true mechanism of psPD. If psPD occurs by the same mechanism as the acute and subacute phase of radiation injury, psPD may be presumably caused by vasodilatation, disruption of the blood-brain barrier, and edema, due to endothelial cell damage. 29 Also, vascular endothelial growth factor (VEGF) may play an important role in psPD as it does in RN. By this speculation, antiVEGF antibody may be applicable for symptomatic psPD. 30 As stated above, more effective treatments may also result in higher incidences of psPD. 28 If this is true, high LET and high relativebiologicaleffectiveness particle radiation, such as BNCT, may cause psPD frequently. Also, it is difficult to discriminate RN and psPD, espe cially with highLET radiotherapy such as BNCT. We actually omitted one recurrent GBM case with possible psPD because it was difficult to discriminate the case from RN. We will probably observe the same phenom enon by these modalities. We would like to stress that psPD can occur not only with MG but also with MM by BNCT. Because all the incidences of psPD in our BNCT series occurred within the original tumor, psPD by BNCT can be defined as intratumoral treatmentrelated necrosis in the subacute phase after BNCT.
